High expression of the oncoprotein Myc has been linked to poor outcome in human tumors. Although MYC gene amplification and translocations have been observed, this can explain Myc overexpression in only a subset of human tumors. Myc expression is in part controlled by its protein stability, which can be regulated by phosphorylation at threonine 58 (T58) and serine 62 (S62). We now report that Myc protein stability is increased in a number of breast cancer cell lines and this correlates with increased phosphorylation at S62 and decreased phosphorylation at T58. Moreover, we find this same shift in phosphorylation in primary breast cancers. The signaling cascade that controls phosphorylation at T58 and S62 is coordinated by the scaffold protein Axin1. We therefore examined Axin1 in breast cancer and report decreased AXIN1 expression and a shift in the ratio of expression of two naturally occurring AXIN1 splice variants. We demonstrate that this contributes to increased Myc protein stability, altered phosphorylation at S62 and T58, and increased oncogenic activity of Myc in breast cancer. Thus, our results reveal an important mode of Myc activation in human breast cancer and a mechanism contributing to Myc deregulation involving unique insight into inactivation of the Axin1 tumor suppressor in breast cancer.
High expression of the oncoprotein Myc has been linked to poor outcome in human tumors. Although MYC gene amplification and translocations have been observed, this can explain Myc overexpression in only a subset of human tumors. Myc expression is in part controlled by its protein stability, which can be regulated by phosphorylation at threonine 58 (T58) and serine 62 (S62). We now report that Myc protein stability is increased in a number of breast cancer cell lines and this correlates with increased phosphorylation at S62 and decreased phosphorylation at T58. Moreover, we find this same shift in phosphorylation in primary breast cancers. The signaling cascade that controls phosphorylation at T58 and S62 is coordinated by the scaffold protein Axin1. We therefore examined Axin1 in breast cancer and report decreased AXIN1 expression and a shift in the ratio of expression of two naturally occurring AXIN1 splice variants. We demonstrate that this contributes to increased Myc protein stability, altered phosphorylation at S62 and T58, and increased oncogenic activity of Myc in breast cancer. Thus, our results reveal an important mode of Myc activation in human breast cancer and a mechanism contributing to Myc deregulation involving unique insight into inactivation of the Axin1 tumor suppressor in breast cancer.
T he c-Myc (Myc) oncoprotein is a pleiotropic transcription factor involved in controlling many cellular functions, including cell proliferation, cell growth, and cell differentiation, as well as pathways that regulate genome stability and cell death (1) (2) (3) (4) (5) . High levels of Myc expression occur in a wide variety of human tumors, and animal models exhibit Myc-induced tumorigenesis in many tissues (6) (7) (8) . These tumors are often dependent on continued high expression of Myc and withdrawal of Myc can induce tumor regression (8, 9) , highlighting the importance of understanding how Myc expression is regulated. In breast cancer, Myc protein is reported to be overexpressed in approximately 50% to 100% of breast tumors depending on the study, whereas only approximately 16% show Myc gene amplification and 22% show increased mRNA expression (6, (10) (11) (12) (13) . Mechanisms for high Myc expression in human breast tumors lacking gene amplification or elevated mRNA expression have not been reported.
Cells have evolved an elegant signaling pathway to help regulate turnover of Myc so that Myc protein levels are kept low when not needed (1, 14) . In this pathway, sequential and interdependent phosphorylation events on Myc at serine 62 (S62) and threonine 58 (T58) influence Myc stability. Initial phosphorylation of S62 by ERK or CDK kinases in response to mitogen signaling transiently increases Myc stability, whereas subsequent phosphorylation of T58 by GSK3β triggers dephosphorylation of S62 by protein phosphatase 2A-B56α (PP2A-B56α), ubiquitination by the SCF-Fbw7 E3 ligase, and proteasomal degradation (15, 16) . Burkitt lymphoma-derived Myc mutations usually occur at or around T58, generally resulting in loss of T58 phosphorylation, elevated S62 phosphorylation, and increased Myc protein stability. These Myc mutants have increased oncogenic activity compared with WT Myc when expressed at similar levels, suggesting the importance of the two phosphorylation events in regulating Myc oncogenic activity (16) (17) (18) (19) . However, mutations in Myc have not been found in any epithelial cancer. We have been exploring whether WT Myc can be stabilized in cancer. Here we report that increased stability of WT Myc is a prominent mechanism for Myc overexpression in breast cancer and that this is associated with a change in the ratio of phospho-S62 (pS62) and phospho-T58 (pT58) to more closely match mutant Myc that has increased oncogenic activity. Exploration into the mechanism behind the altered ratio of S62 and T58 phosphorylation in breast cancer suggests a prominent role for deregulation of the Axin1 tumor suppressor.
Axin1 is a multidomain scaffold protein that coordinates several different protein complexes involved in regulating Wnt, TGFβ, SAPK/JNK, and p53 signaling (20) (21) (22) (23) (24) . Recently, we found that Axin1 promotes Myc degradation and decreases levels of Myc S62 phosphorylation by coordinating the formation of a Myc destruction complex that includes GSK3β, PP2A, and other proteins involved in degrading Myc (24) . The AXIN1 gene expresses two naturally occurring splice variants, variant 1 (v1) and variant 2 (v2). AXIN1V1 encodes an 862-aa protein, whereas the protein encoded by AXIN1V2 lacks the 36 aa from exon 9. Whether Axin1v2 functions differently from Axin1v1 has not been reported to our knowledge. Here we show that decreased expression of total AXIN1 and differential expression of AXIN1V1 and AXIN1V2 contribute to increased Myc protein stability, altered phosphorylation at S62 and T58, and increased Myc oncogenic activity in human breast cancer.
Results

Myc Protein Stability Is Increased in Breast Cancer Cell Lines and Is
Associated with Altered Phosphorylation at S62 and T58. To study mechanisms that underlie elevated Myc expression in breast cancer, we initially focused on five breast cancer cell lines-MCF7, MDA231, SKBR3, LY2, and MDA453-and compared them with MCF10A cells, a nontransformed human mammary epithelial cell line. Relative to MCF10A cells, all five breast cancer cell lines showed increased Myc protein expression, whereas MYC mRNA was only modestly elevated in two of the cell lines, SKBR3 and LY2 (Fig. S1 A and B) . We analyzed the turnover rate of Myc protein in these cell lines plus three additional breast cancer cell lines and an additional control cell line, human mammary epithelial cells immortalized with hTERT (hMEChTERT). Myc half-life was significantly longer in all eight breast cancer cell lines, ranging from 34 to 90 min, compared with Myc in the controls, which ranged from 16 to 20 min, consistent with a variety of other nontransformed proliferating cell types (25, 26) ( Fig. 1 A-C and Fig. S1 C and D) . These results indicate that increased Myc half-life may be an important mechanism contributing to increased Myc expression in breast cancer.
Although translocated MYC genes in Burkitt lymphoma can harbor coding sequence mutations involving T58 that lead to mutant Myc with increased stability, this has not been reported in any solid cancers to our knowledge. We found no coding mutations in MYC in the breast cancer cell lines under study. We then investigated whether dysfunction of the Myc degradation pathway involving T58 and S62 phosphorylation could account for the increased Myc stability. As part of this pathway, in normal cells, Myc is dephosphorylated at S62 soon after T58 is phosphorylated, leading to rapid Myc turnover and an overall relatively low level of pS62 and high level of pT58 (14, 25) . In contrast, deregulation of this degradation pathway leads to an overall high level of pS62 and low level of pT58. We examined phosphorylation at T58 and S62 by using phospho-specific antibodies (24, 25, 27) (Fig. S2A) . When comparing to MCF10A cells, we found that the pS62/total Myc ratios were significantly higher in many of the breast cancer cell lines, particularly those with the longer Myc half-lives (Fig. 1D ). In contrast, pT58 levels trended lower in many of the breast cancer cell lines when calculated relative to total Myc, again correlating with increased Myc stability. Together, these data indicate a shift of Myc phosphorylation status from high pT58/low pS62 in nontransformed cells to high pS62/low pT58 in breast cancer cells with increased Myc stability. These results are consistent with our previous observations in leukemia cell lines (25) .
Myc Has Altered pS62 and pT58 Levels in Primary Human Breast
Tumors. To study whether this shift of pS62 and pT58 levels occurs in primary human breast tumors, we first validated the use of our phospho-specific antibodies on formalin-fixed/paraffinembedded tissues (Fig. S2B) . We then stained slides of patientmatched normal and breast tumor with the pS62-and pT58-specific antibodies. Consistent with our observations in the breast cell lines (Fig. 1D) , normal mammary epithelial cells showed very low pS62 staining whereas cells of ductal carcinoma in situ (DCIS) and invasive adenocarcinoma in the same sample showed high pS62 staining ( Fig. 2A, red) . In contrast, and again consistent with our data in the breast cell lines, serial sections from the same patient samples showed very high pT58 staining in normal mammary gland acini (Fig. 2B, red) , whereas matched DCIS and invasive adenocarcinoma showed relatively lower pT58 staining. The same trend was observed in other matched normal and breast tumor samples (Fig. S3 A and B) , and can be appreciated when adjacent normal and tumor tissue are under the same microscope field (Fig. S3C) . Quantification of the pS62 and pT58 staining from multiple patient-matched normal and breast tumor samples showed increasing levels of pS62 staining from normal to DCIS and invasive adenocarcinoma (Fig. S3D) , and a corresponding decrease in pT58 staining (Fig. S3E) . These results indicate that normal mammary epithelial cells and breast tumor cells express different forms of Myc as a result of different posttranslational modifications, and suggest that increased Myc protein stability occurs in primary human breast tumors. Moreover, our results indicate that deregulation of the Myc T58/S62 degradation pathway is common in primary breast tumors. We later expanded our pS62 staining to a total of 22 cases, and we found that 16 of the 22 cases showed an increase in pS62 from normal to invasive carcinoma. Of interest, all the pS62-negative cases were also negative for estrogen receptor (ER) and progesterone receptor (PR ; Table S1 ).
Axin1 Expression Is Decreased in Breast Cancer. Phosphorylation of T58 by GSK3β and dephosphorylation of S62 by PP2A-B56α are important steps in the T58/S62 Myc degradation pathway (14) . We examined expression levels of GSK3β and PP2A-B56α in the breast cancer cell lines relative to the MCF10A cells and did not see any obvious difference. Our recent work identified Axin1 as a scaffold protein that coordinates Myc's interaction with GSK3β and PP2A (24) . Alterations of Axin1 including AXIN1 gene mutations and decreased Axin1 expression have been reported in several types of solid tumors (28) (29) (30) , but so far we are aware of no evidence of these alterations of Axin1 reported in breast cancer. We analyzed AXIN1 mRNA expression in primary breast cancer and adjacent matched normal breast tissue (Fig. 3A) . Of were probed on one Western blot and detected by two-channel imaging with a LI-COR scanner. pT58 was probed separately. Expression of pS62/total Myc (left y axis) and pT58/total Myc (right y axis) was quantified and normalized to MCF10A. Bars represent SD (*P < 0.05, **P < 0.01, and ***P < 0.001). the nine sample pairs with sufficient cDNA, seven breast cancer samples showed decreased AXIN1 mRNA levels compared with their adjacent normal tissues. Analysis of AXIN1 mRNA and protein expression in the five breast cancer cell lines relative to MCF10A cells showed a reduction in Axin1 expression only in the MDA231 cells ( Fig. 3 B and C) .
Given the low expression of Axin1 in the MDA231 cells, we examined whether increasing Axin1 expression would affect Myc protein levels by using a newly published small chemical compound, IWR-1, that can increase Axin1 protein stability (31) .
IWR-1 treatment of MDA231 cells for 24 h increased Axin1 protein levels, and this corresponded with a decrease in Myc (Fig. S4) . However, we also observed a decrease in MYC mRNA that likely reflects Axin1 regulation of β-catenin, which can transcriptionally activate the MYC gene. To avoid this complication, we treated MDA231 cells with IWR-1 for 4 h. At this time, IWR-1 caused a consistent increase in MYC mRNA (Fig.  3D, graph) , but a reduction in Myc protein and pS62 that correlated with a small increase in Axin1 (Fig. 3D, Western blot) . The increase in MYC mRNA here might reflect a relief of Myc's negative autoregulation on its own transcription when Myc protein levels are decreased (32) . Nonetheless, these results demonstrate that MYC mRNA and protein expression are strongly uncoupled upon increasing Axin1 expression. Indeed, IWR-1 treatment decreased Myc protein half-life from 43 min to 19 min in MDA231 cells (Fig. 3E) . Taken together, these data show that restoring Axin1 expression in tumor cells can promote removal of the stabilizing pS62 and decrease Myc stability and expression. (Fig. 4A, graph) . Knocking down Axin1 alone also modestly increased colony numbers. However, when we knocked down Axin1 in the presence of ectopic Myc, the numbers of colonies increased dramatically (Fig. 4A) . In contrast, Axin1 knockdown did not increase the colony number in cells expressing the Axin1-insensitive Myc phospho-mutant, Myc T58A ( Fig. 4B) (24) . These results indicate that Axin1 knockdown cooperates with overexpression of Myc in mammary epithelial cell transformation dependent on regulatable phosphorylation of Myc at S62 and/or T58, suggesting that a direct effect on Myc phosphorylation underlies the cooperation.
We next examined the effects of increasing Axin1 expression in breast cancer cells besides MDA231. In our previous study characterizing the effects of Axin1 on Myc, we showed that the SKBR3 breast cancer cell line had decreased interaction be- (G) SKBR3 cells were treated with 10 μM IWR-1 for 4 h, and ChIP was done with N262 antibody followed by qPCR. GAPDH internal primers were used as negative control (Neg. ctrl). Western blot of ChIP inputs is shown at the top right corner (*P < 0.05, **P < 0.01, and ***P < 0.001).
tween Myc and Axin1, PP2Ac, and GSK3β, compared with the control MCF10A cells (24) . Thus, even though we did not observe decreased expression of Axin1 in the SKBR3 cells, this result suggested a dysfunction of the Axin1 scaffold protein in these cells. To test whether we could overcome this dysfunction by increasing Axin1 expression, we treated SKBR3 cells with IWR-1 for 24 h. Similar to the results in the MDA231 cells, we observed increased Axin1 and decreased Myc protein upon IWR-1 treatment and, in this case, no significant difference in MYC mRNA expression was seen (Fig. 4C) . In addition, IWR-1 treatment increased interaction between Myc and its regulators Axin1, GSK3β, and PP2Ac, indicating an increased scaffold function of Axin1 (Fig. 4D) . Consistently, we saw decreased Myc protein stability in SKBR3 cells upon IWR-1 treatment (Fig.  S5B) . Moreover, SKBR3 cells treated with IWR-1 grew slower in proliferation studies (Fig. 4E ) and formed less colonies in soft agar (Fig. 4F) . Interestingly, short-term treatment with IWR-1 that did not result in decreased Myc levels in these cells (Fig. 4G , Western blot) still resulted in an inhibition of Myc promoter binding at its target genes determined by ChIP (Fig. 4G) . This inhibition could underlie, at least in part, the reduced transformation of these cells upon IWR-1 treatment. Taken together, these data demonstrate that increasing Axin1 expression in breast cancer cells can decrease Myc expression, stability, and transactivation activity associated with reduced cell transformation, providing a biological relevance of decreased Axin1 expression in breast cancer.
Breast Cancer Cells Have a Switch in AXIN1 Splice Variant Expression
That Contributes to Myc Activation. Although many of the primary human breast cancer samples showed decreased Axin1 expression relative to their adjacent normal tissue, only one of the five breast cancer cell lines showed reduced Axin1 expression. As cells like SKBR3 that have a normal level of Axin1 also have an Axin1 dysfunction (24), we examined whether AXIN1 could be mutated in these cells as well as the rest of the breast cancer cell lines under study. We sequenced AXIN1 cDNA and did not find any mutation that would affect the Axin1 coding sequence. Interestingly, the AXIN1 cDNA sequences that we obtained were all from a naturally occurring splice variant of AXIN1, termed AXIN1V2, suggesting an enrichment in this variant. AXIN1, also known as AXIN1V1, encodes an 862-aa protein, whereas the protein encoded by AXIN1V2 lacks 36 aa encoded by exon 9 (Fig. 5A) . The function of this domain is unknown, but the PP2A binding domain has been mapped to this region (33) . We previously demonstrated that Axin1v2 has a significantly reduced ability to interact with Myc and PP2Ac, suggesting that Axin1v2 has a decreased ability to regulate S62 phosphorylation (24) . We are aware of no other published report on the functional significance of this splice variant.
We examined AXIN1V1 and AXIN1V2 expression in the breast cancer cell lines and found that the ratios of AXIN1V1 versus total AXIN1 were decreased in the breast cancer cell lines except MDA231 in which total AXIN1 was reduced, whereas the ratios of AXIN1V2 versus total AXIN1 levels were increased compared with their expression in MCF10A cells (Fig. 5B) . This result is likely to at least partially explain the reduced association between Myc and Axin1 and the increased Myc stability that we reported in the SKBR3 cells (24) . As IWR-1 treatment can affect Myc in SKBR3 cells (Fig. 4) , we tested its ability to stabilize Axin1v1 and Axin1v2. Although IWR-1 is reported to interact with the C-terminal part of Axin1, including the region absent in Axin1v2 (31), we found that IWR-1 could increase both Axin1v1 and Axin1v2 ectopically expressed (for detection purposes) in SKBR3 cells (Fig. S6A) . Thus, it appears that IWR-1 treatment can recover Axin1 function even in tumor cells with enhanced AXIN1V2 and reduced AXIN1V1 expression. In addition, similar alterations in splice variant expression were found in primary human breast tumors, in which the ratio of AXIN1V2 versus AXIN1V1 was significantly increased compared with their ex- Fig. S8 shows a more detailed model (*P < 0.05, **P < 0.01, and ***P < 0.001).
pression ratio in patient matched normal samples in seven of 11 cases (Fig. S6B) . Moreover, we also observed an enhanced expression of axin1v2 versus axin1v1 in Myc/Neu-induced mouse mammary gland tumors relative to normal mammary gland (Fig.  S6C ). More importantly, we found that the switch in AXIN1V2 versus V1 expression correlated with increased pS62-Myc in sets of patient matched breast tumor relative to normal, as well as in the Myc/Neu-driven tumors (Fig. 5C and Table S2 ). Thus, not only can breast cancer exhibit a reduction in total AXIN1 levels (Fig. 3A) , but also, in many cases, increased AXIN1V2 versus AXIN1V1 expression relative to normal cells. To our knowledge, this is the first report to demonstrate altered expression of these splice variants. Taken together, these data show that a shift toward enhanced Axin1v2 expression is common in human breast cancer, suggesting a functional significance of this switch for breast oncogenesis.
As Axin1 facilitates PP2A-mediated dephosphorylation of Myc at S62 and Axin1v2 shows decreased interaction with PP2A (24), we tested whether Axin1v2 differs in its ability to promote dephosphorylation of S62. For these experiments, we used SNU475 cells, a human hepatocellular carcinoma cell line with homozygous deletion of exons 1 and 2 of AXIN1 and no Axin1 expression. Our previous work showed that SNU475 cells have high pS62-Myc levels compared with the HCC cell line HepG2, which has WT Axin1 (24) . Expression of Axin1v1 in SNU475 cells consistently decreased pS62-Myc levels as expected, whereas expression of Axin1v2 did not (Fig. 5D) . No changes in MYC mRNA levels were observed with expression of either splice variant. We also infected these cells with adenovirus expressing CMV-driven Myc as another way to rule out indirect effects via β-catenin. Similar to the results with endogenous Myc, we observed a decrease in pS62-Myc in cells expressing Axin1v1 but not in cells expressing Axin1v2 (Fig. S7A) . We did not observe a significant change in total Myc in either of these experiments, probably because of other unknown defects downstream of Axin1 in the Myc degradation pathway in this cancer cell line (Fig. S7A) . Besides affecting Myc protein stability, Myc phosphorylation also affects its oncogenic activity in that the high-pS62 form of Myc is more oncogenic than the form of Myc lacking pS62 (17, 19) , suggesting an effect of altering this phosphorylation on Myc target gene regulation. Indeed, recent studies in other laboratories and in our laboratory have demonstrated an important role for pS62 in Myc binding to target gene promoters (34, 35) (Fig. S7B) . Thus, we analyzed the effects of the two Axin1 splice variants on Myc promoter binding and found that Axin1v1 consistently reduced Myc binding at the NUCLEOLIN and E2F2 promoters whereas Axin1v2 did not inhibit, but rather significantly increased, Myc promoter binding, suggesting that Axin1v2 might have a dominant-negative role in regulating Myc promoter binding (Fig. 5E) . Consistent with the ChIP results, NUCLEOLIN and E2F2 mRNA levels were decreased with Axin1v1 expression and increased with Axin1v2 expression (Fig.  S7C) . From this, it appears that the negative effects of IWR-1 in SKBR3 cells (Fig. 4 C-G) likely result from increased expression of Axin1v1, rather than Axin1v2. Together, our results show that breast cancer cells commonly express a splice variant of Axin1 that has lost its ability to negatively regulate Myc, and that compounds that stabilize Axin1 can overcome this.
Discussion
Myc is a well known oncoprotein that regulates many cellular activities important for tumorigenesis. Several mechanisms have been shown to regulate Myc oncogenic activity. These include changes in Myc protein level, which is commonly elevated in human cancer (36, 37) , and phosphorylation changes at T58 and S62 (17, 19, 37) . Importantly, these two mechanisms can be linked in that phosphorylation at T58 and S62 also helps to regulate Myc protein stability and expression level. Although it has become clear that T58 and S62 phosphorylation play important roles in Myc biology, analysis of Myc protein stability and/or T58 and S62 phosphorylation levels has not been reported in most human cancer types. In this study, we have examined Myc stability and phosphorylation in human breast cancer cell lines as well as patient samples, and we have uncovered a mechanism to increase pS62-Myc and stability in breast cancer, involving down-regulation of the Axin1 tumor suppressor protein and newly identified changes in Axin1 splice variant expression ( Fig. 5F and Fig. S8 ).
Increased Stability and Altered Ratios of T58 and S62 Phosphorylation in Human Breast Cancer. Our analysis of Myc protein stability and pT58 and pS62 levels in human breast cancer cell lines and primary patient breast tumor samples demonstrates that stabilization of Myc associated with altered S62 and T58 phosphorylation ratios is common in breast cancer. Careful examination of the effects of different Myc expression levels in mice has revealed different activities at different expression levels (36) . In addition, studies have shown that tumor-derived Myc mutants, mutations of which affect the phosphorylation status at S62 and T58, are more tumorigenic than WT Myc (17) . Moreover, we have shown, by using a unique mouse model that, at near-physiological levels of expression in the mammary gland, the Myc T58A mutant, which lacks T58 phosphorylation and has constitutively high S62 phosphorylation, similar to the phosphorylation pattern we report here in breast cancer, is tumorigenic whereas deregulated nearphysiological levels of WT Myc is not (19) . Recent reports have demonstrated that pS62 is important for Myc binding to a number of transactivated target genes important for cell proliferation, growth, and survival (34, 35) . Thus, increased Myc protein stability and altered T58/S62 phosphorylation are likely to play important roles in breast tumorigenesis.
Aberrant Expression of Axin1 in Human Breast Cancer. Axin1 has been characterized as a tumor suppressor, and multiple mutations have been identified throughout AXIN1 in a number of different cancers (28) . Overexpression of Axin1 in a transgenic mouse model causes increased apoptosis in the mouse mammary gland (38) , suggesting a tumor suppressor function of Axin1 there. However, thus far, no mutation that affects the Axin1 coding sequence or deregulation of Axin1 expression has been reported in human breast cancer. The present study demonstrates that decreased AXIN1 expression and altered ratios of two splice variants are common occurrences in breast cancer cell lines and primary tumor samples. Moreover, we show that this contributes to increased Myc protein stability and oncogenic activity in breast cancer. Specifically, knocking down Axin1 cooperates with Myc in promoting cell transformation in immortalized cells, and increasing Axin1 levels with a small molecule, IWR-1, in breast cancer cells decreases cell transformation associated with suppressed Myc binding to target gene promoters. Thus, our study reveals another mechanism of action for the Axin1 tumor suppressor, whereby, in addition to its other targets such as β-catenin, SAPK/JNK, TGFβ, and p53, Axin1 can suppress cell transformation through inhibition of Myc. Further research on how Axin1 coordinately regulates all of its targets will help our understanding of Axin1's role in suppressing breast tumorigenesis.
In breast tumor cells, besides decreased expression of total AXIN1, we found that a shift from AXIN1V1 to AXIN1V2 was common and is correlated with high pS62. The biological role of these two splice variants has not been reported. We previously found that Axin1v2's interaction with Myc and PP2Ac is lower than that of Axin1v1 (24) . Here we showed that ectopic Axin1v1 decreased pS62-Myc levels in Axin1-null cells, whereas Axin1v2 did not. Moreover, whereas Axin1v1 can decrease Myc promoter binding, Axin1v2 does the opposite, suggesting a potential oncogenic side of this splice variant. Clearly, Axin1v2 and Axin1v1 differ significantly in their regulation of Myc phosphorylation and activity. It is possible that the two splice variants might also differentially regulate other Axin1 targets such as β-catenin and p53. Thus, increasing expression of Axin1v2 represents another way of deregulating Axin1 to promote tumorigenesis. In addition, Axin1 activity is regulated posttranslationally, including phosphorylation, protein stability, and subcellular localization, and it would be interesting to know in the future if deregulation through these mechanisms contributes to Myc stabilization in cancer. However, it is also clear that down-regulation of Axin1 or a switch in splice variant expression did not occur in all the tumors we examined, and other mechanisms are likely to contribute to altered Myc T58/S62 phosphorylation, such as deregulation of GSK3β and PP2A.
Therapeutic and Diagnostic Implications of Our Results. Myc is overexpressed in many human tumors, and turning off Myc expression has been shown to be an effective and efficient cancer therapy in mouse models (8, 9, 39) . In addition, animal modeling has demonstrated that inhibition of some Myc activity can be tolerated by many organs (39) . Thus, understanding how Myc phosphorylation and stability are deregulated in different cancer types becomes critically important to help design rational therapies. Indeed, we have shown that treatment of breast cancer cells with a small molecule that increases Axin1 expression and suppresses Myc activity repressed their oncogenic potential substantially. Furthermore, with the pS62-specific antibody we have developed for Myc, it should be possible to screen human breast tumors for those expressing more stable and oncogenically active Myc protein to help direct treatment.
Methods
Cell Culture. Cell lines used were purchased from ATCC except LY2, which was a gift from Lawrence Berkeley National Laboratory (Berkeley, CA). Cells were cultured and maintained as described in SI Methods. Patient samples were obtained from the Oregon Health and Science University Cancer Pathology Shared Resource (institutional review board approval nos. 4918 and 2086). cDNA samples used in Fig. 3A and Fig. S6B were provided by D.C.
Statistics. SD results were taken from three independent experiments. P value was analyzed by Student t test, with a two-tailed method unless otherwise indicated. Western blot was done as described previously (24) . Immunoblots were visualized via Odyssey IR imager (LI-COR) that can simultaneously detect Fluor 680 and IRDye 800 secondary antibodies. Quantification of Western blots was done by using Odyssey IR software, version 1.2 (LI-COR). [ 35 
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Methionine pulse/chase experiments were done as described previously (25) .
Immunofluorescence. Matched normal and tumor sections were placed on the same slide and stained simultaneously or adjacent normal was present in the tumor block and thus on the same section. Immunofluorescence density was analyzed with OpenLab 5.5 software (see SI Methods for details).
Cell Proliferation Assay. A total of 80,000 SKBR3 cells treated with 10 μM IWR-1 compound or DMSO were cultured for 5 d and counted with a hemacytometer.
Soft Agar Assays. The bottom and top agar layers were 0.8% and 0.35% Nobel agar, respectively. Cells (2 × 10 4 ) were plated for each six-well plate. For SKBR3, 20 μM IWR-1 was used. ChIP methods were modified from previous report (24) . SI Methods provides detailed information on soft agar assays.
